SUMMARY Catecholamines stimulate adenosine triphosphate consumption and glycogenolysis in isolated hearts. In ischaemic myocardium a protective effect of beta adrenergic blockade may therefore arise from reduced adenosine triphosphate consumption or attenuation of acidosis. To characterise the biochemical mechanism of this protective effect phosphorus metabolite concentrations and intracellular pH were measured in an ischaemic region of the rabbit heart in vivo using 31P-nuclear magnetic resonance spectroscopy. After occlusion of the left anterior descending coronary artery there was a rapid decrease in intracellular phosphocreatine concentrations, and intracellular adenosine triphosphate concentrations decreased at a rate of approximately 0.5 pmol*g-' dry weight-min-'. Intracellular pH decreased approximately linearly to a final pH of about 5.8. In the ischaemic myocardium of the animals treated with propranolol the intracellular concentrations of adenosine triphosphate were higher and those of phosphocreatine lower and the pH was the same compared with control after 30 minutes of ischaemia. Thus any protective effect of propranolol in vivo is not associated with attenuation of intracellular acidosis in this preparation.
Beta adrenergic blockade has generally been found to reduce myocardial injury if initiated before or shortly after ischaemia.' The events responsible for irreversible injury are generally associated with or preceded by acidosis and adenosine triphosphate depletion. 24 In the isolated perfused guinea pig heart propranolol given before ischaemia attenuates the acidosis after total global ischaemia without modifying the rate of decrease of adenosine tripho~phate.~ That propranolol may dissociate intracellular acidosis from reduction in intracellular adenosine triphosphate during ischaemia in vivo is conceivable because of the multiple glycolytic regulatory factors and potential sources of hydrogen ions in ischaemic
The data from nuclear magnetic resonance spectroscopy studies of perfused hearts complement classical studies of ischaemia and provide the advantages of non-destructive measurement of metabolite concentrations and simultaneous determination of cytoplasmic pH. ' '-I5 Nevertheless, the extent to which conclusions from in vitro studies of metabolism are valid for regional ischaemia in vivo is not well defined. Recent studies have shown that 31P-nuclear magnetic resonance spectra with good time resolution may be obtained with surface or saddle shaped coils applied to the surface of the heart.'"'' Thus changes in high energy phosphates, inorganic phosphate, and pH are directly accessible to study by nuclear magnetic resonance. The objective of this in vivo study of rabbit myocardium was to characterise the time course of changes in intracellular pH and phosphates early after induction of regional ischaemia and to establish the influence of pretreatment with propranolol on acidosis and adenosine triphosphate depletion. Detailed characterisation of these variables is particularly important because of the recent advent of technology that should allow similar observations to be made non-invasively in human subjects. l9 71 1 .
Material and methods
New Zealand white rabbits (male, 2.8-3.5 kg) with free access to food and water were anaesthetised with pentobarbitone (1 8 mg.kg-' intravenously) and mechanically ventilated through a tracheostomy with a mixture of oxygen, nitrous oxide (50-66%), and halothane (2-3%) for 30 min before surgery. The halothane concentration was reduced to 1.5% during surgery and reduced after surgery to 0.5-1 .O% for the remainder of the experiment. The chest was opened through a left parasternal incision and a transverse subcostal incision for access to the heart. Catheters (about 2.5F) were placed in the right jugular vein and carotid artery. Heart rate and blood pressure were monitored continuously from the right carotid artery. Arterial blood gases were measured intermittently and ventilation rate and volume adjusted to maintain arterial blood pH between 7.3 and 7.5 throughout the experiment. The Pao2 was always maintained above 13.3 Wa.
A loose suture for induction of ischaemia was placed around the proximal left anterior descending coronary artery in the open chest animal. Except where mentioned, the suture was proximal to the large left anterior descending diagonal artery." The suture was threaded through a plastic sleeve extending outside the magnet. Care was taken to ensure that the tip of the sleeve did not touch the surface of the heart.
The animal was then placed in a 20 cm (external diameter) cylindrical acrylic cradle that was sealed at both ends. The animal was supported in the cradle on foam rubber, which also provided insulation. In four experimental animals' rectal temperatures were monitored with a thermistor throughout the experiment (Edale Ltd, Surrey). Body temperature was maintained between 36" and 38°C. The stability of temperature was probably due to the lack of air flow over the animal, the insulating effect of the foam, and a warming effect of the shim coils. Because of the possibility of introducing radiofrequency noise into the receiver coil we discontinued monitoring rectal * ' temperature in subsequent experiments.
NUCLEAR MAGNETIC RESONANCE STUDIES
The region of ischaemia after coronary artery occlusion was defined in a separate series of experiments. In these animals methylene blue was injected into the aortic root after occlusion of the left anterior descending coronary artery. Dye was excluded from the anterolateral and anteroapical region, but the posterior septum, apex, and posterior wall appeared well perfused. For 31P-nuclear magnetic resonance studies a 1.6 cm diameter, single turn surface coil wound from 0.8 mm wire was positioned over the anterolateral surface of the left ventricle." 22 It was mounted on a flexible plastic support secured to the wall of the acrylic animal cradle. The coil was encased in clear tubing 1 mm thick to prevent direct contact with body fluids, which would degrade signal quality. Blood pressure was monitored during coil placement to detect haemodynamic compromise. The animal in the cradle was placed in a 1.9 T Oxford Instruments 20 cm bore superconducting magnet after coil positioning. Magnetic field homogeneity was adjusted using the proton signal from water without gating signal acquisition to the heart beat. Typical width of the water resonance at half weight was 40 Hz. For the phosphorus experiments, the sweep width was 3000 Hz, and an exponential weighting function of 20
Hz was applied to the free induction decay before transformation. The initial 31P-spectrum (obtained at 32.5 MHz) was accumulated with a pulse duration of 15 p s and a delay of 8 s over a period of about 13 min (the time required to accumulate 100 free induction decays). Resonances were fully relaxed after this long delay time, allowing calculation of relative metabolite concentrations directly from the resonance areas. To improve the efficiency of signal accumulation the pulse delay was then decreased to 0.744 s, and 60 free induction decays were accumulated in 1 min. Six spectra were obtained under these conditions. After control spectra were obtained the arterial suture was pulled tight to occlude totally blood flow without disturbing the position of the animal in the magnet. Spectra were accumulated for at least 40 min.
The protocol was modified for the administration of propranolol. After control spectra were obtained propranolol (Imperial Chemical Industries, Cheshire) was administered intravenously, initially as a bolus of 0.2 mgekg-'. Smaller boluses were given once per minute until heart rate decreased 15% below the initial heart rate in that animal.
DATA ANALYSIS
For data analysis, the 60 scan spectra were summed in sequential groups of three. Each such summed spectrum was considered to reflect the metabolic state at the time at the midpoint of this 3 min accumulation. Chemical shifts were referenced to phosphocreatine resonance at 0 ppm. Intracellular pH was measured using the chemical shift of the inorganic phosphate re~onance.'~ 23 After the experiment and while the animal was anaesthetised the heart, the arterial suture and sleeve, and the proximal aorta were removed from the thorax. An intracoronary wire probe was used to assess the position of the suture relative to the left anterior descending and the left anterior descending
The area difference method refers to subtraction of the adenosine triphosphate P-phosphate resonance from the area of the adenosine triphosphate y-phosphate resonance that is, [ADP]/[ATP] = (ATP y -ATP P)area/(ATP Free cytosolic intracellular adenosine diphosphate was also estimated from the measured concentrations of the substrates of the creatine kinase reaction as described p r e v i~u s l y .~~ Briefly, if the creatine kinase reaction is maintained at equilibrium during ischaemia, free cytosolic intracellular adenosine diphosphate may be estimated:
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Results

CHARACTERISATION OF PHOSPHATE CONTAINING
METABOLITES IN THE WELL PERFUSED
MYOCARDIUM
A typical fully relaxed control spectrum of the left ventricular muscle of the rabbit heart in vivo is shown in fig 1. Peak assignments are based on previous studies in perfused hearts. l4 l5 27 The most prominent resonances arise from phosphocreatine and the three phosphates of adenosine triphosphate in ventricular muscle and the phosphates of 2,3 diphosphoglycerate (2,3-DPG) at f 5 . 7 and +6.3 ppm in the intraventricular blood. The latter resonances are not observed in spectra from the isolated rabbit heart perfused with Krebs-Henseleit or similar solutions.27 Any resonance arising from intracellular inorganic phosphate before the onset of ischaemia is obscured by these resonances, precluding determination of , , myocardial intracellular inorganic phosphate or intracellular pH in the non-ischaemic tissue.
Resonances from the P-phosphates and a-phosphates of adenosine diphosphate may overlap with those of the y-phosphates and a-phosphates of adenosine triphosphate respectively. Nicotinamide adenine dinucleotide and adenosine triphosphate a-phosphate resonances also overlap. For these reasons, the cytoplasmic concentration of adenosine triphosphate was assumed to be directly proportional to the area of the adenosine triphosphate @phosphate resonance.
From the ratio of the resonance areas in the fully relaxed spectrum, the in vivo [ 29 Thus one can conclude from the area of the 2,3-DPG resonances that the contribution of blood adenosine triphosphate to the total adenosine triphosphate measured is negligible. We assume that the intracellular adenosine triphosphate measured in the Langendorff perfused rabbit heart (26.7(3.6) pmol*g-' dry weight) is identical to that in v~v o .~' Previous work has shown that whereas intracellular phosphocreatine in perfused rat hearts is dependent on the available substrate in the normoxic myocardium, intracellular adenosine triphosphate is not.24 3' 32 Therefore intracellular phosphocreatine may be different in vitro where available substrates do not mimic those in blood. We estimate from our measurements that the intracellular phosphocreatine in vivo is 59 pmol-g-' dry weight. The adenosine triphosphate a-phosphate resonance area was 30% greater than the P-phosphate, consistent with the presence of approximately 4 pmol-g-' dry weight of free nicotinamide adenine dinucleotide. The P-phosphate and y-phosphate areas were not significantly different, implying that, at most, cytosolic free intracellular adenosine diphosphate is less than about 15% of total adenosine triphosphate. This estimate for the threshold of detection of adenosine diphosphate in the presence of adenosine triphosphate is based on a comparison of After the fully relaxed spectrum was obtained, data acquisition variables were changed to allow accumulation of a spectrum in 1 min. The sum of three such spectra obtained before occlusion of the left anterior descending coronary artery is shown in fig 2a. The ratio of phosphocreatine to adenosine triphosphate resonance areas is reduced because of partial saturation of the phosphocreatine resonance at the shorter delay times. , was estimated from the intracellular adenosine triphosphate and intracellular inorganic phosphate directly measured from the phosphorus NMR spectra, and intracellular adenosine diphosphate estimated from equation (1). After 30 min of ischaemia the estimated phosphorylation potential was 1.6 X lo4 mol-litre-'. Previous studies of the rat heart suggest that the phosphorylation potential in a normoxic, well perfused heart is approximately 1 X The pH in the ischaemic region decreased approximately linearly (3 = 0.90) over the f i s t 24 min at a rate of 0.038 pH units per min. At the end of 30 min, pH was 5.8(0.1) in the region of ischaemia. Systemic blood pH measured during ischaemia never fell below 7.3.
Within 2 min after the onset of ischaemia the mean systolic arterial blood pressure decreased from 70 mmHg to 53 mmHg and the mean heart rate from 2 1 1 to 187 beatdmin-' . Rhythm disturbances (extrasystoles in 5/8 animals) were followed by asystole in three animals. As a group, the phosphorous spectra of these animals were not different from those '. lo5 mol.litre-'.24 I of other animals. Rhythm disturbances in these preparations were observed only after the onset of ischaemia. The mean rate-pressure product for the entire group was about 4000 at the end of 30 min of ischaemia. When possible correlations were investigated with haemodynamic and metabolic data from individual animals there was no simple relation between the haemodynamic response or the onset of arrhythmias and depletion of high energy phosphates or acidosis.
EFFECTS OF PROPRANOLOL ADMINISTRATION
The heart rate in propranolol treated animals immediately before ischaemia was not significantly lower than in control animals (187(10) vs 211(10) beats-min-'), but the rate-pressure product was significantly reduced in the treated group no detectable difference in the area of the adenosine triphosphate P-phosphate and y-phosphate resonances and the free cytosolic intracellular adenosine diphosphate after propranolol treatment estimated from equation (1) was 0.05(0.01) mmol-litre-', which was not different from control.
Propranolol treatment significantly reduced the rate of adenosine triphosphate decrease after the onset of ischaemia. For the purpose of comparison with control, the decrease in adenosine triphosphate was assumed to be approximately linear over 30 min. The reduction in the rate of decrease of the a-phosphate and y-phosphate of adenosine triphosphate was significant (p<0.05). The intracellular adenosine triphosphate at 28-30 min was higher in propranolol treated animals (15(2) vs 8(2) pmo1.g-I dry weight, ~( 0 . 0 5 ) than in untreated controls. The a-phosphate and y-phosphate peak areas were greater (~(0.05) in propranolol treated animals than in controls. The intracellular phosphocreatine in the ischaemic myocardium of animals treated with propranolol did not change significantly after 8 min of ischaemia, which is similar to control animals. The mean intracellular phosphocreatine during the last 15 min of observation was significantly lower in propranolol treated animals than in controls (3(1) pmol.g-' dry weight vs ll(3) pmo1.g-' dry weight, ~(0.05). The intracellular inorganic phosphate at the end of the 30 min of ischaemia was not significantly different in propranolol treated animals compared with control.
Similar to control animals, there was no difference between the adenosine triphosphate y-peak and P-peak areas throughout ischaemia. Free cytosolic intracellular adenosine diphosphate could not be calculated from equation (1) for several of the propranolol treated animals because intracellular phosphocreatine was too low to be reliably measured.
Acidosis in the ischaemic region was not reduced by propranolol ( fig 5) . After 30 min of ischaemia, the difference between A PHEp and intracellular inorganic phosphate was 36(9) pmol-g-' dry weight, which was not different from control animals. Total phosphate
) was about 30% higher in the propranolol treated animals than in controls, but this difference was not significant (p=0.09). Propranolol treatment reduced the frequency of rhythm disturbances seen after arterial occlusion. The difference in rate-pressure product between propranolol treated animals and controls remained significant throughout the observation period.
The response to arterial occlusion was distinctly different in a subgroup of propranolol treated animals. Three of the nine propranolol treated animals did not accumulate inorganic phosphate or show depletion of adenosine triphosphate. Intracellular phosphocreatine decreased by about 30% in 30 min. Blood pressure did not change after arterial occlusion and rhythm disturbances did not develop. Thus this group of animals did not develop haemodynamic or metabolic evidence of ischaemia despite postmortem examination confirming that the suture was well positioned tightly around the left anterior descending coronary artery. Closer examination showed that in each of these animals there was a large diagonal branch originating proximal to the occlusion. 2o Presumably, the diagonal branch provided sufficient collateral flow in these three animals to prevent the metabolic consequences of arterial occlusion; these animals were not included in the assessment of the influence of propranolol on the evolution of ischaemia. In contrast, this diagonal branch originated distal to the occlusion in the propranolol treated animals that developed evidence of ischaemia. The discrepancy between in vivo and in vitro results probably reflects differences in available substrate.24 32 The pattern of depletion of phosphocreatine and adenosine triphosphate during ischaemia reported here is different from that observed by nuclear magnetic resonance spectroscopy in some isolated, perfused preparations proposed as models for ischaemia in vivo. After total global ischaemia intracellular adenosine triphosphate decreases significantly in the isolated heart only after almost complete depletion of phosphocreatine. l4 In contrast, high flow hypoxic perfusion brings similar rates of decrease in intracellular adenosine triphosphate and intracellular phosphocreatine with time. 36 The metabolic response to regional ischaemia in vivo in this preparation does not correspond to either model, which agrees with data obtained in regionally ischaemia dog myocardium in vivo. l 3 37 These studies and this report highlight the inadequacy of some in vitro models accurately to reproduce the pattern of biochemical changes in the ischaemic region of the myocardium in vivo.
The intracellular adenosine diphosphate estimated by nuclear magnetic resonance spectroscopy during ischaemia, in contrast to the observations of intracellular adenosine triphosphate and intracellular phosphocreatine, differs substantially from previous studies of the isolated perfused rabbit heart or regionally ischaemic dog myocardium in vivo. After 33--35 measured by standard enzymatic assay of freeze clamped hearts ranges from 0.5 to I." 33 34 In contrast, both nuclear magnetic resonance methods estimate that under control conditions, after propranolol, and after 30 minutes of ischaemia the [ADP]:[ATP] ratio is t 0 . 1 5 . This discrepancy can probably be attributed to sequestration of adenosine diphosphate in environments (for example, the mitochondria1 matrix or bound to myofibrils) in which the molecule is not freely tumbling and therefore not observed by nuclear magnetic resonance.
The intracellular inorganic phosphate measured by nuclear magnetic resonance spectroscopy during ischaemia was qualitatively similar to that in previous reports. After 30 min of ischaemia intracellular inorganic phosphate did not reach the value predicted by hydrolysis of adenosine triphosphate to three phosphates plus one phosphate per phosphocreatine. This observation partly reflects the accumulation of adenosine diphosphate or adenosine monophosphate or both, which would alter the assumed stoichiometry of three phosphates per adenosine triphosphate. The overlap of multiple peaks in the phosphomonoester r .
? region of the spectrum precludes quantitation of intracellular adenosine monophosphate by nuclear magnetic resonance in this preparation. A large resonance attributable to phosphomonoesters did not, however, appear, and adenosine monophosphate constitutes a small fraction of the total phosphate pool during ischaemia. l 3 As noted previously, a significant fraction of the adenosine diphosphate generated is probably sequestered in environments in which it is not detectable by nuclear magnetic resonance spectroscopy. Longer periods of ischaemia may favour complete hydrolysis of adenosine diphosphate and stoichiometric detection of the liberated phosphate. This interpretation predicts that the undetected phosphate pool will be reduced if adenosine triphosphate (but not phosphocreatine) is preserved. Adenosine triphosphate was preserved in the animals treated with propranolol. The average undetected phosphate pool in these animals was reduced but not significantly compared with controls.
Similarly, the total phosphate ([PJ + 3 X [ATP] +
[PCr]) was not significantly higher in the propranolol treated animals.
Alternatively, adenosine triphosphate may be completely hydrolysed but the nuclear magnetic resonance detected intracellular inorganic phosphate is reduced by several factors: (a) inorganic phosphate may be lost from the ischaemic region into the venous ~i r c u l a t i o n~~; (b) inorganic phosphate may complex with calcium in the ischaemic region; or (c) inorganic phosphate may enter a cellular compartment in which it is not freely mobile and therefore not detectable by nuclear magnetic resonance. Despite the possible loss or intracellular binding of inorganic phosphate liberated during ischaemia, the experiments reported here emphasise that free inorganic phosphate accumulates in high concentration (about 20 mmol.litre-' in the cytosol) in ischaemic myocardium in vivo. This concentration of phosphate is notable since it is above the threshold for inhibition of state I11 respiration of rabbit heart m i t~c h o n d r i a .~~ 40 Previous calculations indicate that this concentration of inorganic phosphate may play a role in the failure of the ischaemic m y o c a r d i~m .~'
The selectivity with which we were able to observe metabolic changes in the ischaemic region is shown by results like those in fig 2, in which the pronounced depletion of adenosine triphosphate and phosphocreatine with concomitant rise in inorganic phosphate was associated with a preserved (although reduced) blood pressure and rhythm. The results shown in fig 3 suggest that little or no signal was detected from non-ischaemic tissue because intracellular phosphocreatine fell rapidly to low values. Nevertheless, there was some evidence of metabolic heterogeneity among cells in the sensitive volume of the coil: the line width of the inorganic phosphate resonance during ischaemia was greater than should arise from a single resonance (for example, pho~phocreatine).~~ The most reasonable explanation is that the observed inorganic phosphate resonance results from the overlap of inorganic phosphate reasonances with different chemical shifts arising from pH heterogeneity among or within cells in the sensitive volume of the coil. The measured pH time course is therefore most representative of the volume of tissue with the highest total intracellular inorganic phosphate in a relatively homogenous pH environment. This is probably the most severely compromised tissue.
The inorganic phosphate detected during ischaemia in these experiments is predominantly located within the cytos01.~~ Thus its chemical shift reflects the cytoplasmic pH. Although the permeability of the sarcolemma to inorganic phosphate during ischaemia in vivo is not known, it is unlikely that an appreciable fraction of the NMR detected inorganic phosphate is interstitial for two reasons. Firstly, only a relatively small fraction of the total intracellular phosphate is lost during reflow with phosphate free media after total global i~c h a e m i a .~~ Secondly, the intracellular pH measured by the chemical shift of inorganic phosphate in ischaemic cardiac tissue is identical to the pH measured by the chemical shift of deo~yglucose-6-phosphate.~~ This compound is localised in the cytoplasm and is not released into the intercellular space during ischaemia.
Previous nuclear magnetic resonance studies of global ischaemia in glucose perfused isolated rat and rabbit hearts have measured a maximum intracellular acidosis of between pH 6.2 and 6.4.15 43 These values are similar to those reported in regionally ischaemic volumes of isolated rabbit ( H 6.15-6.40) and guinea pig (pH 6.6) hearts.*' 35 'The extent of acidosis in isolated ischaemic preparations has, however, been reported also to vary with substrate, to increase in the presence of insulin, and to decrease after beta adrenergic blockade with propranolol.' 45 46 Thus the lower pH observed in our in vivo study compared with isolated perfused hearts may be due to differences in available substrate, neurohumoral factors, or work.
Previous measurements of interstitial pH in regionally ischaemic'tissue in vivo confim that such profound acidosis occurs in vivo. Using microelectrodes, in vivo studies of tissue pH in the ischaemic region of the dog myocardium have shown a decrease of about 0.65 pH units after 30 min of i~chaemia.~' 48 If the control intracellular pH is 7.0 these results would correspond to an interstitial pH of about 6.35. After death of the experimental animal estimated interstitial pH was 5.8-5.9. Other studies of tissue pH using microelectrodes in the isolated perfused rabbit septum reported an intracellular pH of 5.90 after 30 min of ischaemia and of (5.7 after 60 min of ischaemia, which is similar to the value of 5.8 seen in vivo at the end of 30 min of ischaemia in this Treatment with propranolol had several effects: (a) the rate-pressure product was reduced throughout the experiment; (b) extrasystoles were suppressed; ( c ) the rate of decrease of intracellular adenosine triphosphate was reduced; and (6) intracellular phosphocreatine was reduced after 30 min of ischaemia. The preservation of adenosine triphosphate is consistent with numerous previous observations of a protective effect of beta blockade during ischaemia, which is probably due to a reduced rate-pressure product (and therefore reduced oxygen demand) of the ischaemic tissue. It is of interest that its protective effect was not associated with an attenuation of the intracellular acidosis. The reason for the discrepancy between these results and a previous study of isolated perfused hearts is not clear.' The precision with which changes in the inorganic phosphate chemical shift (which reflects intracellular pH) can be measured is substantially greater than for measurement of changes in intracellular adenosine triphosphate during ischaemia. Thus there is a significant difference in the relation between cytosolic adenosine triphosphate concentrations and intracellular acidosis between the propranolol treated and control animals. This observation indicates that regulatory mechanisms other than intracellular adenosine triphosphate maintain similar glycolytic flux in both groups.
An unexpected observation was that the intracellular phosphocreatine throughout the 15-30 min period after the onset of ischaemia was lower in propranolol treated animals than in controls. Throughout the ischaemic period in propranolol treated animals compared with control the intracellular hydrogen was the same or lower, intracellular adenosine triphosphate was higher, and intracellular creatine to phosphocreatine ratio was the same or higher. Therefore, from equation (l), these Observations suggest that free intracellular adenosine diphosphate is higher during ischaemia in propranolol treated animals. An explanation for this phenomenon is not clear. It is possible that the absence of beta adrenergically induced increases in cyclic adenosine monophosphate significantly alters the relations among other factors regulating glycolysis (for example, [ADP] , [ATP] , [H+l, and [PCrl) .
The two methods used in this study to estimate the low free cytosolic intracellular adenosine diphosphate are each associated with certain limitations. The peak area difference method assumes that the TI of thc adenosine diphosphate P-phosphate is approximately equal to that of adenosine triphosphate phosphates and that no other compound contributes to the adenosine triphosphate P-phosphate resonance. The equilibrium constant method assumes that the creatine kinase reaction may be considered in steady state, that the equilibrium constant derived in vitro is applicable in the cytosol, and that the intracellular total creatine remains constant. With a ratio of [ADP]:[ATP] of <O. 15 throughout the ischaemic period the phosphorylation potential (and free energy of adenosine triphosphate in the cytosol) is substantially greater than estimates based on analysis of freeze clamped tissue would suggest. Although interpretation of the free energy of adenosine triphosphate hydrolysis may be difficult," it is clear that accurate measurement of cytosolic intracellular adenosine diphosphate, intracellular adenosine triphosphate, and inorganic phosphate is essential to our understanding of the failure of adenosine triphosphate dependent processes during ischaemia. '' This method has several limitations for the study of ischaemia in vivo. Firstly, the 2,3-DPG resonances prevent monitoring intracellular inorganic phosphate and pH in non-ischaemic regions of the myocardium and accurately measuring intracellular adenosine monophosphate. Secondly, the method provides only crude spatial resolution. To obtain a signal sufficient for analysis in 1-3 min it is necessary to use a surface coil of 1-2 cm in diameter. As the rabbit heart is only somewhat larger it is not possible to study metabolic changes in small areas of ischaemia. We expect that all of these problems would be less pronounced with the use of larger animals.
There are a wide range of problems that would be usefully investigated with this method. Particularly important is the correlation of acidosis or adenosine triphosphate depletion with the transition from reversible ischaemic injury to irreversible damage in vivo. It has been proposed recently that myocardial pH may provide a useful method for screening antianginal drugs for efficacy. 52 Techniques for non-invasively obtaining phosphorus spectra from selected volumes of tissue are advancing rapidly. The type of information reported in this study will be available for clinical application in the near future.'' CRM thanks Dr Thomas W Smith for helpful discussion during the course of this work. We thank the staff of the Clinical Magnetic Resonance Laboratory, Oxford, for their support and cooperation.
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